We observe clear differences in the spectral shift of the Raman D and G bands when heating double wall carbon nanotubes through intense photon irradiation and by varying the temperature in a thermostat. These spectral differences are attributed to modifications of the defect induced double-resonance Raman process, and are consistent with Stokes-anti-Stokes anomalies observed for single and double wall carbon nanotubes, not present in graphite. We find that the Raman intensity for double wall carbon nanotubes increases superlinearly in the red spectral region and sublinearly in the UV spectral region.
I. INTRODUCTION
Carbon nanotubes ͑CNTs͒ are widely studied for their potential use in optoelectronic devices, high-density memory, and nanostructured materials. 1 Resonant excitation of CNTs makes optical techniques highly sensitive. Raman spectroscopy is an ideal tool in screening tubes through spectral mapping 2 to detect defects caused by the appearance of the D band and to determine the tube diameter through the radial breathing mode ͑RBM͒. 3 The influence of the formation of excitons associated to strong electron-phonon coupling on the observed spectra has only been explored recently. [4] [5] [6] [7] [8] In single wall carbon nanotubes ͑SWs͒, the G band is split into two bands ͑G − , G + ͒. The G − band has first been attributed to the zone-center optical mode in circumferential direction. Later ab initio calculations, including electron-phonon coupling, have shown that this assignment depends on whether the tube is semiconducting or metallic. 6 For isolated metallic tubes the LO mode is expected to be strongly downshifted corresponding to G − while the TO mode remains less intense due to absorption when the electric field is oriented along the tube axis. For semiconducting tubes, G + corresponds to the LO mode and has a higher intensity than the G − band. For double wall carbon nanotubes ͑DWs͒, the inner tube is coupled to the outer tube and the two walls give rise to a single G band with two main components at 1581 ͑inner tube͒ and 1592 cm −1 ͑outer tube͒. 9 The RBMs of inner tubes in DWs are found to be dependent on the tube growth process. 8 For multiwall carbon nanotubes ͑MW͒ a shoulder at the high energy side of the G band appears ͑DЈ: around 1620 cm −1 ͒ which is not removed even after annealing. 10 In this paper, we compare D and G band shifts as a function of laser power in air and by changing the temperature in a methanol heat bath. Differences in spectral shifts of the D and G bands are then compared with Stokes ͑S͒ and antiStokes ͑AS͒ spectra recorded in function of laser irradiation.
II. SAMPLES AND EXPERIMENTS
DWs have been prepared by the catalytical chemical vapor deposition method ͑CCVD͒ as described in Ref. 11.
High-resolution electron microscopy ͑Fig. 1͒ shows the presence of small bundles of DWs with diameters ranging from 0.6 to 3.0 nm.
Raman spectra have been recorded using Renishaw ͑633 nm͒, Dilor XY visible ͑647 nm͒, and Dilor XY UV ͑338 nm͒ spectrometers. We compare spectra recorded with two different spectrometers working in the visible spectral range to detect possible differences in the spectrometer characteristics which depends on grating and microscope used. One chargecoupled device ͑CCD͒ pixel corresponds to 1 cm −1 for the Renishaw and 0.7͑2͒ cm −1 for the visible ͑UV͒ Dilor spectrometer. When mapping strained silicon we have obtained a spectral error smaller than 0.05 cm −1 when fitting the optical phonon band. All phonon bands have been fitted with a Lorentzian line shape. across different locations of the sample at low laser power ͑1 mW/ m 2 ͒. We have varied the temperature from 180 to 320 K using a cryostat. Figure 2 shows the temperature dependence of the D and G band positions after fitting the recorded spectral bands.
We observed that the D and G bands shift to lower energies at the same rate with increasing temperature ͑−0.024 cm −1 / K͒. 12, 13 For CNTs in methanol, however, the laser power which can be applied is limited. Optical absorption by the DWs increases the local temperature and the surrounding liquid. At the boiling point of methanol, vaporization takes place ͑65°C͒ and the agglomerated DWs drift out of the focal point. The rate at which the D and G bands shift is consistent with what has been reported earlier.
For suspended tubes a similar temperature coefficient ͑−0.022 cm −1 / K͒ has been reported. 14 Chiashi et al. 15 has observed RBMs and G band from 100 to 1000 K, and found a similar temperature coefficient of the G band ͑−0.031 cm −1 / K͒ in the linear range, i.e., temperature higher than 300 K.
B. Temperature change through photoexcitation
We have irradiated DWs in air with increasing laser power ͑633 nm, 1-100 mW͒. Photoabsorption leads to considerable heating of the DWs which depends strongly on wavelength of the incident beam 12 and is limited by the oxidation of the tubes. Excitation with a shorter wavelength leads to a large increase in temperature at constant laser power. At lower laser power ͑633 nm, 1-10 mW͒ the G band shifts by less than 1 cm −1 corresponding to temperatures close to room temperature ͑10 mW: 1588.8 cm −1 ; 1 mW: 1589.2 cm −1 ͒. When increasing laser irradiation we find that the spectral shifts for the G and D bands are nonlinear and different for the two bands as reported in Fig. 3 .
To understand the differences in the spectral shifts of the D and G bands when heating by photoabsorption or in a thermostat, we have recorded Stokes and anti-Stokes spectra. Anti-Stokes Raman spectra have been analyzed in detail for graphite, graphitic whiskers, 16 MWs, 17 and SWs. 18 Due to the low intensity of the anti-Stokes spectrum at room temperature, it is challenging to obtain spectra far from the Rayleigh line. 19 The anti-Stokes spectrum is reduced by a factor of 2000 when compared to the Stokes spectrum at room temperature considering the Bose-Einstein factor with = 1600 cm −1 . Figure 4 shows Stokes and anti-Stokes spectra recorded at 50 and 100 mW. The spectra recorded at 100 mW laser power have D and G bands shifted to lower energy when compared to the spectra recorded at 50 mW due to stronger laser heating. We find that the G band shift is nearly two times as large as the D band shift for both Stokes and anti-Stokes spectra for the two spectra. This shows that there is a fundamental difference when heating CNTs at high laser power. In order to compare the Stokes and anti-Stokes spectra, we assume that temperature induced shifts of the electronic levels is negligible in comparison to the width of electronic resonance profile for the G band. For temperature induced shifts of the electronic transitions, we expect 3 meV/ 100 K for the E 11 transition 20 which is significantly smaller than the lower limit of the resonance profile for isolated suspended tubes of 80 meV. 21 The anti-Stokes spectra of RBMs of SWs has been studied in detail by Brown et al., 22 demonstrating that the spectra on the Stokes and anti-Stokes sides correspond to tubes of different chirality or helicity due to the different resonant condition for Stokes and anti-Stokes spectra. For DWs, however, coupling of the walls and large size distribution broaden the G band resonance. To eliminate common factors in the spectra, we take the ratio of the Stokes and anti-Stokes spectra recorded at different laser irradiation:
where T is in K and in cm −1 . By taking the ratio of the spectra we eliminate the 4 factor and the electronic contributions to the spectra. It is assumed that the temperature distribution is homogenous. We can deduce the difference of the inverse temperature using the two spectra recorded at two different laser powers, and compare these with the measured frequency shifts of the D and G bands ͑Table I͒. When taking the ratio of the integrated intensity of the G and D bands in deducing the difference of the inverse temperature, we find that the intensity variation in the G and D band are similar. Table I shows that the D band shift is significantly smaller compared to the G band shift both at 50 and 100 mW. The inverse temperature for the G band deduced from the band shift is close to the value obtained from the ratio of the Stokes/anti-Stokes spectra while for the D band the corresponding value is 30% lower. This demonstrates that the D band position is influenced by laser irradiation. The ratio of the two spectra recorded at different laser power gives the opportunity to compare the differences in the D and G band positions attributed to differences in phonon temperature with the temperature deduced from the ratio of the Stokes and anti-Stokes spectra. Differences in phonon temperature due to nonequilibrium phonons would, however, imply changes in the relative D and G band intensities. Fig. 4 shows that the intensity of the two bands is superlinear when increasing the laser irradiation.
IV. LASER POWER DEPENDENCE OF SPECTRAL INTENSITY
To explore the differences in the resonance conditions for different excitation wavelengths, we have compared the power scaled intensity of the G band. Figure 5 shows the variation in the integrated intensity of the G band as a function of laser power excited at 647 and 338 nm. We find that the normalized intensity as a function of laser power follows a power law. The Raman intensity is smaller when excited at 338 nm as compared when excited at 647 nm. The same is observed when using a different spectrometer ͑Renishaw at 633 nm͒ to exclude the influence of detector response and spectrometer performance. When excited at 647 nm, the integrated intensity increases superlinearly while when excited at 338 nm, the intensity increases sublinearly. Sublinear behavior can be explained by heat induced broadening of the electronic bands due to strong absorption in the UV spectral range which reduces the Raman cross section. Superlinear behavior can be explained by participation of excitons in the resonance process as observed in strained GaAs, 23, 24 or by exciton screening resulting in changes in the joined density of states.
V. CONCLUSION
We observe clear differences in the D and G band Raman shifts at high photon irradiation of carbon nanotubes. Com-TABLE I. Parameters deduced from the S and AS spectra in Fig.  4 Values parison with the Stokes and anti-Stokes spectra show that the D band shift is reduced at high photon irradiation and depends on tube type. The changes in the D band shift are attributed to the modification of the electronic band structure through the creation of excitons. Superlinear and sublinear intensity increases in the phonon bands with laser power are observed when using excitation in the red and UV spectral range, respectively, and attributed to participation of excitons in the double-resonance process and heat induced broadening of the electronic bands due to strong absorption. 
